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Gametogenesis is dependent on the expression of
germline-specific genes. However, it remains un-
known how the germline epigenome is distinctly es-
tablished from that of somatic lineages. Here we
show that genes commonly expressed in somatic lin-
eages and spermatogenesis-progenitor cells un-
dergo repression in a genome-wide manner in late
stages of the male germline and identify underlying
mechanisms. SCML2, a germline-specific subunit
of a Polycomb repressive complex 1 (PRC1), estab-
lishes the unique epigenome of the male germline
through two distinct antithetical mechanisms.
SCML2 works with PRC1 and promotes RNF2-
dependent ubiquitination of H2A, thereby marking
somatic/progenitor genes on autosomes for repres-
sion. Paradoxically, SCML2 also prevents RNF2-
dependent ubiquitination of H2A on sex chromo-
somes during meiosis, thereby enabling unique
epigenetic programming of sex chromosomes for
male reproduction. Our results reveal divergent
mechanisms involving a shared regulator by which
the male germline epigenome is distinguished from
that of the soma and progenitor cells.
INTRODUCTION
The germline is the only heritable lineage across generations,
and it ensures continuity of life. Although biological strategies
to specify the germline are diverse among species, suppression
of somatic transcriptional programs is a common feature in the
germline (Nakamura et al., 2010). In mammals, primordial germ
cells are specified during early embryonic development after
gastrulation and actively migrate into developing gonads, where
they differentiate into spermatozoa or oocytes according to the
presence or absence of Y chromosomes (Svingen and Koop-
man, 2013). During this developmental period, the germline un-574 Developmental Cell 32, 574–588, March 9, 2015 ª2015 Elsevierdergoes unique epigenetic programing distinct from that in
somatic lineages and is naturally reprogrammed in the next gen-
eration (Gill et al., 2012; Kota and Feil, 2010; Saitou et al., 2012;
Sasaki and Matsui, 2008). However, it remains elusive how the
germline epigenome is distinctly established from that of
somatic lineages.
A potential candidate is a Polycomb group (PcG)-based
mechanism, which regulates epigenetic gene repression and is
responsible for stem cell renewal, differentiation, and develop-
ment (Aloia et al., 2013; Simon and Kingston, 2013). Recent
evidence has demonstrated that multiple Polycomb subunits
are exchanged to acquire specific functions for different biolog-
ical contexts (Gao et al., 2012; Tavares et al., 2012). Therefore, if
a germline-specific PcG protein exists, it could mediate germ-
line-specific functions. In this context, it should be noted that
germline genes are repressed by a PcG protein, L(3)mbt, in
somatic cells of the fly. Importantly, tumors with a deletion of
L(3)mbt exhibit soma-to-germline transformation (Janic et al.,
2010). This study suggests that suppression of germline genes
is important for tumor suppression in somatic cells, as also pro-
posed in humans (Simpson et al., 2005). It further suggests that a
PcG-based mechanism is a critical determinant between soma
versus germline transcriptomes. However, it is unknownwhether
a germline-specific epigenetic silencer exists that suppresses
the common features of the somatic program to define the
unique epigenome of the germline.
One of the PcG complexes in mammals, Polycomb repressive
complex 1 (PRC1), plays a central role during development by
suppressing large numbers of genes through mono-ubiquitina-
tion of H2A at lysine 119 (H2AK119ub). This is mediated by a
PRC1 core subunit, RNF2 (also known as RING1B) (Wang
et al., 2004). In female primordial germ cells, PRC1 prevents pre-
cocious entry into meiosis and coordinates the timing of sex dif-
ferentiation (Yokobayashi et al., 2013). It is unknownwhether any
specific PcG subunits have critical roles during spermatogen-
esis, the process in which spermatogonia undergo self-renewal,
enter meiosis, and differentiate into sperm.
In this study, our unbiased proteomics screen unexpectedly
identified Sex comb on midleg-like 2 (SCML2), a homolog of
the Drosophila PRC1 subunit Sex comb on midleg (Scm). We
demonstrate that SCML2 is a specific and essential epigeneticInc.
modifier in themalegermline.SCML2 isoneof themalignantbrain
tumor (MBT) domain-containing proteins (Montini et al., 1999),
which often function together with PRC1. Two other MBT
domain-containing proteins, SCMH1 and SFMBT1, have been
suggested to be involved in spermatogenesis (Takada et al.,
2007; Zhang et al., 2013). However, Sfmbt1 knockout mice are
fertile (Qin et al., 2012), and subfertility of Scmh1 knockout mice
is completely rescued by the additional deletion of another
PRC1 subunit, PHC2 (Takada et al., 2007). In addition, the dele-
tion of another MBT domain protein, L3MBTL1, does not affect
fertility in mice (Qin et al., 2010). These results indicate that
SFMBT1, SCMH1, PHC2, and L3MBTL1 are not essential in the
male germline. Unlike these proteins, here we show that SCML2
is essential for spermatogenesis and that SCML2 suppresses a
large groupof genes that are commonly expressed in somatic lin-
eages and in spermatogenesis progenitor cells. Additionally, we
demonstrate that, in meiosis, SCML2 is essential for epigenetic
programming of sex chromosomes, where unsynapsed sex
chromosomes are epigenetically silenced by the action of DNA
damage response (DDR) proteins through a process known as
meiotic sexchromosome inactivation (MSCI) (Ichijimaet al., 2012;
Turner, 2007). Based on these two specific functions, SCML2
uniquely defines the specific epigenome of the male germline.
RESULTS
The Somatic/Progenitor Program Is Largely Silenced
in the Male Germline
To elucidate unique features of the male germline, we compared
the transcriptomes of the spermatogenic cells at different stages
and somatic lineages in mice. Specifically, we compared RNA
sequencing (RNA-seq) data of germline stem (GS) cells that
represent mitotically active undifferentiated spermatogonia,
the THY1+ undifferentiated spermatogonia that enrich the
stem cell phase, the meiotic spermatocyte at the pachytene
stage (pachytene spermatocytes [PS]), and post-meiotic round
spermatids (RS) (described in Figure 1A) with those of other
cell types by generating a heatmap that included all of the ex-
pressed RefSeq genes in the genome of these samples
(16,475 genes) (Figure 1B). Importantly, we found that whole-
genome transcriptomes in PS and RS were largely different
from those of somatic lineages, embryonic stem (ES) cells,
and the mitotic phase of germ cells including GS cells and
THY1+ cells (Figure 1B). A large group of genes was expressed
in somatic lineages, ES cells, GS cells, and the THY1+ fraction,
but this group was specifically repressed in PS and RS. We
defined this group of genes as somatic/progenitor genes
because this group is commonly active in somatic lineages
and mitotic phases of spermatogenesis-progenitor cells. In
contrast, a large group of late spermatogenesis genes that are
associated with male reproduction was specifically expressed
in PS and RS. In accordance with this finding, previous reports
have demonstrated that germ cells undergo a dynamic tran-
scriptome change during the late stages of spermatogenesis
(Chalmel et al., 2007; Khil et al., 2004; Namekawa et al., 2006;
Shima et al., 2004). Our present study demonstrates that sup-
pression of the somatic/progenitor program is a unique feature
of the late stages of the male germline and also that a specific
set of late spermatogenesis genes is activated at these stages.DevelIdentification of SCML2 as an Essential Factor in the
Male Germline
The next key question is whether there are any factors involved in
establishing the unique transcriptomes of the late stages of the
male germline. Interestingly, a factor we independently identified
as a component of meiotic sex chromosomes has a role in
shaping transcriptomes in the male germline (described below).
In our attempt to identify a germline-specific epigenetic modifier,
we focused on MSCI, a unique germline-specific event that is
essential to male meiosis, which involves activation of the DDR
pathway and deposition of gH2AX on sex chromosomes.
Although several DDR proteins are required for MSCI, we
reasoned that a germline-specific protein could regulate this
process. To test this possibility, we performed immunoprecipita-
tion of nucleosomes containing gH2AX, an essential modifica-
tion of silent sex chromosomes, combined with mass spectrom-
etry and identified an X chromosome linked protein, SCML2
(Figures 1C and 1D). Consistent with our previous study indi-
cating the interaction of gH2AX and MDC1 on meiotic sex chro-
mosomes (Ichijima et al., 2011), the mass spectrometry score for
MDC1 was the highest. The score for SCML2 was the second
highest. Subsequent immunoprecipitation, combined with west-
ern blotting, confirmed that SCML2 interacts with gH2AX in
testicular extracts (Figure 1E).
Immunostaining revealed that the expression of SCML2
commenced in embryonic germ cells after entering the gonad
in both males and females (Figures 1F and S1). In adult testes,
SCML2 highly accumulated in ZBTB16 (also known as PLZF)-
positive undifferentiated spermatogonia, which include the
stem cell population (Figure 1G). Later during meiosis, SCML2
slightly accumulated on entire nuclei from the leptotene to the
early pachytene stage (Figure S1) and highly accumulated on
the sex chromosomes from the early to mid-pachytene stage
to the diplotene stage (Figure 1H), consistent with the fact that
gH2AX has a role in transcriptionally silencing sex chromosomes
and interacts with SCML2. Similar to SCML2 protein localization,
Scml2 transcripts were specifically detected in the germline
(Figure 1I). Scml2 expression was especially high in GS cells
that represent undifferentiated spermatogonia. Paradoxically,
SCML2 is transcriptionally silenced by MSCI because of its X
linkage (Mueller et al., 2008), despite being localized on the
sex chromosomes during meiosis.
To better understand the function of SCML2, we generated
Scml2-knockout (Scml2-KO) mice using zinc finger nuclease
technology (Cui et al., 2011). We established two independent
females harboring a heterozygous deletion at the X-linked
Scml2 locus (Figure 2A). In male progeny possessing either of
the mutations, SCML2 was not detectable by western blotting
or immunostaining (Figures 2B and 2C), indicating that the muta-
tions nullified SCML2 expression. Thus, we refer hereafter to
both mutant lines as Scml2-KO mice. SCML2 was detected at
140 kDa in testicular lysate, although SCML2 is subject to protein
degradation if a protease inhibitor is not added (Figure 2B).
Scml2-KO males were born at Mendelian ratios and looked
healthy (data not shown). However, their testes were smaller
than littermate control testes, and Scml2-KO males were not
able to impregnate female mice (Figures 2D–2F). Therefore, we
conclude that Scml2-KO males are infertile and that SCML2 is
essential in spermatogenesis.opmental Cell 32, 574–588, March 9, 2015 ª2015 Elsevier Inc. 575
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Figure 1. A Global Transcriptome Change during Late Spermatogenesis and Identification of SCML2
(A) Schematic of spermatogenesis and summary of SCML2 localization.
(B) A heatmap showing gene expression patterns among several germ cells versus somatic cells. MEF, mouse embryonic fibroblasts. All 16,475 genes that
showed more than 3 RPKM in at least one stage are shown.
(C) SYPRO Ruby stained gel of gH2AX containing nucleosomes immunoprecipitated using gH2AX antibody. The boxed areas were subjected to mass spec-
trometry-based protein identification.
(D) gH2AX-associated proteins identified by mass spectrometry.
(E) Co-immunoprecipitation of SCML2 and gH2AX using 4-week-old wild-type testes.
(F) Immunostaining of SCML2 in a testicular section from a male embryo harboring Dppa3-EGFP transgene at E13.5. Germ cells were detected by anti-EGFP
antibody. Nuclei were counterstained with DAPI. The scale bar represents 40 mm.
(G and H) Immunostaining of SCML2, ZBTB16 (G), and gH2AX (H) in wild-type adult testicular sections. Arrows indicate undifferentiated spermatogonia. Nuclei
were counterstained with DAPI. The scale bars represent 40 mm.
(I) Expression profiles of Scml2 in different tissues, based on RNA-seq (n = 2). RPKM values (y axis) of Scml2 are shown.
See also Figure S1.SCML2 Is Essential for the Global Silencing
of Somatic/Progenitor Genes and for Activation
of Late-Spermatogenesis Specific Genes
To elucidate gene expression changes in meiotic and post-
meiotic stages resulting from SCML2 deletion, we performed
RNA-seq using purified THY1+ fraction, PS, and RS from
Scml2-KO mice. Because there was no germ cell arrest at a576 Developmental Cell 32, 574–588, March 9, 2015 ª2015 Elsevierparticular stage inScml2-KOmice despite the occurrence of pro-
gressive apoptosis during differentiation in spermatogenesis (as
shownbelow), purifiedgermcells enabledus toevaluate thegene
expression change caused by SCML2 depletion without the sec-
ondary effect of developmental delay. Remarkably, the expres-
sion patterns of PS and RS were globally changed compared
with those of wild-type mice; notably, somatic/progenitor genesInc.
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Figure 2. SCML2 Regulates Global Silencing of Somatic/Progenitor Genes in the Male Germline
(A) Genomic sequencing of male Scml2-KO mice, line #428 and line #431.
(B) Western blotting of testicular lysate obtained from wild-type and Scml2-KO mice.
(C) Immunostaining of SCML2 and gH2AX in adult testes. Nuclei were counterstained with DAPI. The scale bar represents 40 mm.
(D) Picture of wild-type and Scml2-KO testes at 8 weeks old.
(E) Testicular weight per body weight. Data are represented as mean ± SD (n = 4).
(F) Litter sizes when wild-type or Scml2-KO males were mated with wild-type females. Data are represented as mean ± SD (n = 6 for wild-type, n = 9 for
Scml2-KO).
(G) The number of differentially expressed autosomal genes detected by RNA-seq in THY1+, PS, and RS between wild-type and Scml2-KO cells.
(H and I) Expression profiles of upregulated genes (H) and downregulated genes (I) in Scml2-KO spermatogenic cells across tissues. Expression data were
obtained from RNA-seq (n = 2). CE, cerebellum. Distribution of RPKM values (y axis) is shown. The central dot is the median, the boxes encompass 50% of data
points, and the error bars indicate 90% of data points.
See also Figure S2.were largely derepressed inScml2-KOPSandRS, althoughgene
expression in the THY1+ fraction was not largely altered (Fig-
ure 1B). Hereafter the autosomes and sex chromosomes were
analyzed separately because the sex chromosomes are subject
to MSCI. To identify specific targets regulated by SCML2, we
applied stringent criteria to our RNA-seq data set (padj < 0.05,
>2-fold difference, reads per kilobase per million (RPKM) R 5
for higher-expression genes). We identified 853 and 613 auto-
somal genes that were significantly up- and downregulated,Develrespectively, in Scml2-KO PS (Figure 2G; gene lists are included
in Table S1). In RS, 213 and 214 autosomal genes were signifi-
cantly up- and downregulated, respectively. On the other hand,
only 17 and 28 autosomal genes were up- and downregulated
in Scml2-KO THY1+ cells. The genes upregulated in Scml2-KO
PS and RS were mainly expressed in somatic lineages and sper-
matogenesis progenitor cells and strongly suppressed in wild-
type PS andRS (Figures 2H and S2). By contrast, downregulated
genes in Scml2-KOPS and RSwere specifically expressed in PSopmental Cell 32, 574–588, March 9, 2015 ª2015 Elsevier Inc. 577
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Figure 3. SCML2 Regulates Differentiation of Spermatogenic Cells
(A–C) Histological testicular sections stained with H&E. Polynucleated cells and elongated spermatids and are shown with arrows in (B) and (C), respectively. The
scale bars represent 60 mm. Quantitative data of the percentage of tubules containing polynucleated cells are shown on the right in (B). Data are represented as
mean ± SD (n = 5).
(D) DAPI staining of elongated spermatids in germ cell slides that maintain chromatin morphology. Because abnormal chromatin was consistently observed in the
Scml2-KO elongated spermatids, the quantification was not included. The scale bars represent 10 mm.
(E) Histological section of epididymis stained with H&E. The scale bars represent 60 mm.
(F–K) Immunostaining of ZBTB16, STRA8, and SYCP3 in 8 weeks testes. The scale bars represent 40 mm. Quantitative data are shown in (G), (I), and (K). Data are
represented as mean ± SD (n = 4).
(L andM) TUNEL staining using testicular sections. The scale bars represent 40 mm.Quantitative data are shown in (M). Data are represented asmean ± SD (n = 4).
(N) Immunostaining of cleaved caspase-3, gH2AX, and H1T in adult testes. Apoptotic cells are shown with arrows. The scale bars represent 40 mm.
*p < 0.05, unpaired t test.andRS (Figures 2I and S2). Gene ontology (GO) enrichment anal-
ysis further confirmed that the set of genes downregulated in
Scml2-KO cells showed enrichment for genes involved in the
late stages of spermatogenesis (Figure S2). Taken together,
SCML2 is essential for the suppression of somatic/progenitor
genes and the activation of late-spermatogenesis-specific genes
in PS and RS.
SCML2 Regulates Differentiation of Spermatogenic
Cells
To further investigate the role of SCML2, we performed histolog-
ical analyses. In Scml2-KO testes, massive loss of differentiated578 Developmental Cell 32, 574–588, March 9, 2015 ª2015 Elseviergerm cells occurred (Figure 3A) and polynucleated cells were
observed (Figure 3B). Additionally, we found that elongated
spermatids in the Scml2-KO failed to condense (Figures 3C
and 3D), and spermatozoa were rarely seen in epididymides
(Figure 3E).
Next, to investigate which cell types are affected by SCML2
deficiency, stage-specific spermatogenic cells were counted.
The number of undifferentiated spermatogonia was unchanged
(Figures 3F and 3G), suggesting that SCML2 is apparently not
involved in the maintenance of spermatogonial stem cells,
consistent withminor gene expression change in this population.
In contrast, the number of STRA8-positive cells, which includesInc.
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Figure 4. SCML2 Interacts with the PRC1 Complex in Germ Cells
(A) Co-immunoprecipitation of SCML2 and RNF2 using 4-week-old wild-type
testes.
(B) Binding peaks of SCML2, RNF2, BMI1, and H2AK119ub across the Hoxd
cluster in GS cells.
(C) A Venn diagram showing the numbers of gene promoters bound by RNF2,
SCML2, and BMI1 identified by ChIP-seq.
(D) A heatmap showing distribution of CpG, binding peaks of SCML2, RNF2,
BMI1, and H2AK119ub in GS cells. Density around islands (±5 kb from the
center of islands) is shown.
See also Figure S3.differentiating spermatogonia and pre-leptotene spermatocytes,
as well as SYCP3-positive meiotic spermatocytes, was signifi-
cantly decreased in the Scml2-KO (Figures 3H–3K). An increaseDevelof spermatocytes and spermatids undergoing apoptosis in
Scml2-KO testes suggest that the reduction of differentiating
cells is caused by apoptosis (Figures 3L–3N). In Scml2-KO
testes, apoptosis occurred progressively in each stage following
spermatogonia: H1T-negative spermatocytes (before the mid-
pachytene stage), H1T-positive spermatocytes (during and after
the mid-pachytene stage), and RS (Figure 3N). Although the
decrease of SYCP3-positive meiotic spermatocytes could be
due in part to the decrease of differentiated spermatogonia,
apoptosis mainly occurred in pre-leptotene spermatocytes (the
majority of STRA8-positve cells) and in later stages. Therefore,
consistent with the global disruption of transcriptomes of
Scml2-KO PS and RS, we conclude that SCML2 regulates the
differentiation of spermatogenic cells.
SCML2 Is a Germline-Specific Subunit of PRC1
To elucidate the molecular function of SCML2, we investigated
whether SCML2 is a part of PRC1 in spermatogenic cells
because a previous proteomics study identified SCML2 as a
PRC1 component (Gao et al., 2012). RNF2, a catalytic core
component of PRC1, and RNF2-mediated H2AK119ub, which
was detected by a rabbit monoclonal antibody (D27C4), were
both detected in cells progressing from undifferentiated sper-
matogonia to spermatocytes (Figure S3). Consistent with the his-
tological data, co-immunoprecipitation experiments revealed
that SCML2 interacts with RNF2 in testicular extracts (Figure 4A).
Furthermore, chromatin immunoprecipitation (ChIP) sequencing
(ChIP-seq) using GS cells, where SCML2 is abundantly ex-
pressed, demonstrated that SCML2 frequently bound to PRC1
target genes, such as the Hoxd cluster (Woo et al., 2010) and
Htra1 locus, and shared peaks with other PRC1 subunits,
RNF2 and BMI1 (Figures 4B and S3). More than three-quarters
(75.4% [n = 2,808]) of all SCML2-positive transcription start sites
(TSSs; n = 3,723) overlapped with those of RNF2 (Figures 4C and
S3), and 44.2% (n = 3,237) of all SCML2-positive islands (n =
7,326) were associated with RNF2-positive islands and enrich-
ment of H2AK119ub throughout the entire genome (Figure 4D).
Moreover, similar to other PcG proteins, SCML2 was also en-
riched at CpG islands, where gene-regulatory elements
including promoters and enhancers reside (Ku et al., 2008) (Fig-
ure 4D). The ChIP-seq data were reproducible between native
ChIP and cross-linking ChIP (Figure S4). Taken together, these
results suggest that SCML2 forms a complex with PRC1 and
binds to gene-regulatory regions in GS cells. Conversely,
13,771 RNF2-positive islands did not overlap with SCML2-pos-
itive islands (such as Tbx5 locus; Figure S3), suggesting that
other PRC1 complexes, which lack SCML2, regulate these
islands.
SCML2 Regulates Establishment of H2AK119ub to
Silence Somatic/Progenitor Genes on Autosomes
Because SCML2 forms a complex with RNF2 (Figure 4), we
reasoned that SCML2 regulates target genes through
H2AK119ub. To test this possibility, we first examined whether
accumulation of H2AK119ub is associated with SCML2 in undif-
ferentiated spermatogonia. Because we were not able to estab-
lish Scml2-KO GS cells, RNA-seq data from a THY1+ fraction of
wild-type and Scml2-KO mice were used for this analysis.
SCML2, RNF2, and H2AK119ub highly accumulated on theopmental Cell 32, 574–588, March 9, 2015 ª2015 Elsevier Inc. 579
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upregulated genes in Scml2-KO THY1+ cells compared with
those downregulated (Figure 5A), suggesting that SCML2 regu-
lates establishment of H2AK119ub for gene repression in undif-
ferentiated spermatogonia.
Next, we sought to determine whether suppression of
somatic/progenitor genes that occurs in PS and RS are also
mediated through the regulation of H2AK119ub. Consistent
with the active transcription of somatic/progenitor genes in the
THY1+ fraction, SCML2-regulated genes in PS and RS are
largely distinct from those in the THY1+ fraction (Figure 5B). To
examine the enrichment of H2AK119ub, we performed ChIP-
seq of H2AK119ub in purified PS from the wild-type and the
Scml2-KO (Figure 5C). Focusing on somatic/progenitor genes
that are upregulated in Scml2-KO PS, H2AK119ub was relatively
high around TSSs of such genes in the wild-type, compared with
the Scml2-KO (Figure 5C). In contrast, when focusing on genes
found downregulated in the Scml2-KO, accumulation of
H2AK119ub was not observed around TSSs in either the wild-
type or the Scml2-KO (Figure 5C). This result suggests that
SCML2 promotes establishment of H2AK119ub for repression
of somatic/progenitor genes in late spermatogenesis.
Because SCML2 was highly accumulated on entire nuclei in
undifferentiated spermatogonia, but was not on the autosome
regions during meiosis (Figures 1G, 1H, and S1), we hypothe-
sized that SCML2 establishes H2AK119ub prior to spermato-
genic differentiation. Consistent with our cytological data, in
PS, SCML2 is no longer associated with TSSs of somatic/
progenitor genes found upregulated inScml2-KOPS (Figure 5D).
Moreover, in GS cells, SCML2, RNF2, and H2AK119ub were
relatively high at TSSs of somatic/progenitor genes that were
found to be repressed by SCML2 in the later stages (genes up-
regulated in the Scml2-KO PS and RS: Figures 5E and S4).
This tendency is evident in genes upregulated in the Scml2-KO
RS. These results suggest that, prior to spermatogenic differen-
tiation, SCML2 functions with RNF2 and regulates establishment
of H2AK119ub, and that H2AK119ub persists into later stages for
repression of somatic/progenitor genes after the removal of
SCML2 from their TSSs. Because SCML2 was not especially
high around TSSs of genes that were found downregulated in
the Scml2-KO, activation of late spermatogenesis genes may
be indirectly mediated through SCML2.
SCML2 Suppresses H2AK119ub on Meiotic Sex
Chromosomes
Because SCML2 was identified through its interaction with
gH2AX and intensely localized on meiotic sex chromosomesFigure 5. SCML2 Regulates Establishment of H2AK119ub to Suppress
(A) Occupancy of H2AK119ub around TSS in GS of the wild-type. ChIP-seq dat
fraction.
(B) Diagrams showing the numbers of genes regulated based on RNA-seq analys
groups are shown in the diagram.
(C) Occupancy of H2AK119ub around TSS in PS of the wild-type and Scml2-KO
based on RNA-seq analysis of PS.
(D) Occupancy of SCML2 around TSS in wild-type PS. ChIP-seq data of wild-typ
(E) Occupancy of SCML2, RNF2, and H2AK119ub around TSS in wild-type GS ce
genes based on RNA-seq analysis of PS (top) and RS (bottom). The average tag d
for read counts in the highlighted area (A): SCML2, RNF2, H2AK119ub: 2,500 t
H2AK119ub: +200 to +1,200 bp from TSS (*p < 0.05).
See also Figure S4.
Devel(Figure 1), we next examined the function of SCML2 in the regu-
lation of the sex chromosomes during meiosis. Surprisingly,
H2AK119ub was decreased on the area of sex chromosomes
in wild-type cells, but intensely accumulated there in Scml2-
KO cells (Figures 6A and S5). Consistent with this, ChIP-seq
data confirmed the enrichment of SCML2 on the X chromo-
somes in wild-type PS compared with that on autosomes (Fig-
ure 6B) and higher accumulation of H2AK119ub on the X chro-
mosomes in Scml2-KO PS compared with that on the X
chromosome in wild-type PS (Figure 6C).
Importantly, this staining patternwas distinct from that of ubiq-
uitination mediated by RNF8, which establishes poly-
ubiquitination of H2A in the context of the DDR in somatic cells
(Feng and Chen, 2012; Huen et al., 2007; Kolas et al., 2007; Mai-
land et al., 2007). RNF8-mediated ubiquitination, detected by a
mouse monoclonal antibody against histone H2A ubiquitinated
at Lys119 (clone E6C5), accumulated on meiotic sex chromo-
somes (Ichijima et al., 2011; Lu et al., 2010; Sin et al., 2012a)
and this accumulationwas not dependent on SCML2 (Figure 6D).
On meiotic sex chromosomes, the signals detected with the
E6C5 antibody also overlap with signals of an FK2 antibody (Ichi-
jima et al., 2011; Lu et al., 2010; Sin et al., 2012a) that detects
polyubiquitin conjugates at sites of double-strand breaks
(DSBs) in somatic cells (Mailand et al., 2007; Polanowska
et al., 2006; Sobhian et al., 2007).
Consistent with the pattern of E6C5, FK2 signals were un-
changed on the meiotic sex chromosomes in Scml2-KO cells
(Figure 6E). On the other hand, exclusion of H2AK119ub from
the meiotic sex chromosomes was unchanged in Rnf8-KO PS
(Figure 6F). Therefore, on the meiotic sex chromosomes,
H2AK119ub and the signals detected with E6C5 are distinctly
regulated. We conclude that SCML2 specifically suppresses
accumulation of H2AK119ub, but not the signals detected with
E6C5, on meiotic sex chromosomes.
We further clarified the difference between H2AK119ub and
signals detected with E6C5 by testing how they respond to the
induction of DNA DSBs in somatic cells. Consistent with previ-
ous reports (Huen et al., 2007; Kolas et al., 2007; Mailand
et al., 2007), signals detected with E6C5 were robustly recruited
to laser-induced DSBs concomitantly with polyubiquitin conju-
gates detected by FK2. In contrast, H2AK119ubwas not induced
(Figure 6G). Therefore, H2AK119ub and the signals detected
with E6C5 are distinctly regulated in the contexts of both meiotic
sex chromosomes and somatic DSBs.
To clarify the difference between two distinct signals detected
by two different antibodies, we performed biochemical assays toSomatic/Progenitor Genes in Spermatogenesis
a of GS are shown for indicated genes based on RNA-seq analysis of THY1+
is of THY1+ fraction, PS, and RS. Numbers of overlapping genes between two
. ChIP-seq data of PS (wild-type or Scml2-KO) are shown for indicated genes
e PS are shown for indicated genes based on RNA-seq analysis of PS.
lls. ChIP-seq data of wild-type GS cells are shown for differentially expressed
ensity within 5 kb from TSS is shown. AWilcoxon rank sum test was performed
o +2,500 bp from TSS; (C–E): SCML2 and RNF2: 500 to +500 bp from TSS;
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Figure 6. SCML2 Suppresses H2AK119ub on Meiotic Sex Chromosomes
(A, D–F, and I–K) Immunostaining using meiotic chromosome spreads of PS with the antibodies shown in panels. The sex chromosomes are circled with a white
dashed line. The percentage of PSwith positive staining on the sex chromosomes is shown on the right in (A), (D), and (J). *p < 0.05, unpaired t test. The scale bars
represent 10 mm.
(B and C) The average tag density of all autosome genes and all X-linked genes within 5 kb from TSS is shown. AWilcoxon rank sum test was performed for read
counts in the highlighted area (2,500 to +2,500 bp from TSS; *p < 0.05). Occupancy of SCML2 in PS (B). Occupancy of H2AK119ub in PS (C).
(G) Immunostaining of FK2, 53BP1, E6C5, and H2AK119ub in U2OS cells after laser stripe-induction of DNA DSBs. 53BP1 is a marker of DSBs. FK2 detects
polyubiquitin conjugates.
(H) The monoclonal antibody D27C4 immunoprecipitated H2AK119ub, while E6C5 did not detect H2AK119ub in adult testes.
See also Figure S5.
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detect ubiquitinated proteins (Choo and Zhang, 2009). In this
assay, testicular cells were treatedwith 2MSDS for solubilization
and denaturing proteins prior to immunoprecipitation. With this
condition, after the immunoprecipitation, covalently bound ubiq-
uitination to immunoprecipitated targets can only be detected.
The rabbit anti-H2AK119ub indeed immunoprecipitated and
recognized mono-ubiquitinated H2AK119ub (Figure 6H). On
the other hand, E6C5 and FK2 did not immunoprecipitate H2A
but recognized unknown high-molecular weight proteins in
testes (Figure S5). Furthermore, gH2AX did not contain
H2AK119ub or epitopes for E6C5 (Figure S5), suggesting that
gH2AX itself is not the target for ubiquitination in testes. This
result, together with the ChIP-seq data (Figure 6C), excluded
the possibility that, in the wild-type, SCML2 masks the epitope
for H2AK119ub because of its binding to gH2AX. Altogether,
we conclude that two different antibodies recognize distinct tar-
gets and SCML2 specifically suppresses H2AK119ub on the sex
chromosome.
SCML2 Works Downstream of gH2AX-MDC1 Signaling
on Meiotic Sex Chromosomes
We next examined how localization of SCML2 and H2AK119ub
are regulated on meiotic sex chromosomes. Localization of
gH2AX and MDC1, an interacting partner of gH2AX that medi-
ates gH2AX spreading to the entire chromosome-wide domain
of the sex chromosomes (Ichijima et al., 2011), remained un-
changed in the Scml2-KO (Figures 2C and 6I). On the other
hand, MDC1 is required for SCML2 localization on meiotic sex
chromosomes (Figure 6J). Thus, during meiosis, SCML2 may
be recruited on the sex chromosomes through its interaction
with gH2AX (Figures 1C–1E), and SCML2 may function down-
stream of gH2AX-MDC1 signaling. Additionally, exclusion of
H2AK119ub from meiotic sex chromosomes was not observed
in the Mdc1-KO (Figure 6K), suggesting that the removal of the
H2AK119ub by SCML2 is an active process that specifically oc-
curs on the sex chromosomes downstream of MDC1.
Consistent with the normal gH2AX-MDC1 signaling, MSCI ap-
peared to take place normally in Scml2-KO PS based on the
staining on RNA polymerase II (Figure 7A). However in RNA-
seq, transcription of the X chromosome was modestly dere-
pressed in PS (Figure 7B). On the basis of the stringent criteria
(padj < 0.05, >2-fold difference, RPKMR 5 for higher expression
genes), 87 genes on the X chromosomes were upregulated in
Scml2-KO PS (Figure 7C), suggesting partial disruption of
MSCI. On the contrary,Scml2-KORS exhibited specific downre-
gulation of 17 genes on the X chromosomes (Figure 7C). This
suggests that activation of a group of X-linked genes that escape
from sex chromosome inactivation in RS (Sin et al., 2012a; Sin
et al., 2012b) is partially affected in Scml2-KO RS.
Additionally, we investigated whether SCML2 affects other
critical steps of meiosis. Chromosome synapsis, MLH1 foci
that represent sites of crossovers, and DDR signals on the sex
chromosome axes, such as BRCA1, ATR, and TOPBP1, were
not affected in the Scml2-KO (Figures 7D, 7E, and S6). However,
in accordance with the existence of polynucleated cells (Fig-
ure 3B), we found reduced expression of Aurkb, Ccna1, and
Boll in Scml2-KO PS (Figure S6), all of which are involved in
completion of cytokinesis during meiosis (Ferna´ndez-Miranda
et al., 2011; Nickerson et al., 2007; VanGompel and Xu, 2010).DevelAccumulation of aurora kinase B and histone H3 phosphoryla-
tion, which is directly catalyzed by aurora kinase B, were
decreased in Scml2-KO diplotene spermatocytes (Figure S6),
suggesting that SCML2 regulates meiosis in part by activating
Aurkb expression. These results, in turn, indicate that the func-
tion of SCML2 on the sex chromosome during meiotic prophase
is uncoupled from these meiotic events.
SCML2Works with USP7 and Is Required for Epigenetic
Programming of Meiotic Sex Chromosomes
Next, we searched for a candidate that removes H2AK119ub
from the meiotic sex chromosomes. We found that the deubiqui-
tinase USP7, which functions with PRC1 andmediates deubiqui-
tination of H2A in vitro (Maertens et al., 2010), accumulated on
meiotic sex chromosomes in an SCML2-dependent manner
(Figure 7F). We further confirmed that SCML2 interacts with
USP7 in testicular extracts (Figure 7G). These results suggest
that SCML2 works with USP7 deubiquitinase and removes
H2AK119ub from meiotic sex chromosomes.
Previously, it was suggested that SCMH1, another homolog of
Drosophila Scm, mediates exclusion of PcG proteins from
meiotic sex chromosomes (Takada et al., 2007). However, in
the Scml2-KO, we did not observe any change in the localization
of PcGproteins (RNF2, BMI1, RYBP,MEL18) on the sex chromo-
somes or in the exclusion of H3K27me3, which is mediated by
PRC2, from the sex chromosomes (Figure S6). These results
indicate that the function of SCML2 is distinct from that of
SCMH1.
Because meiotic sex chromosomes are subject to extensive
epigenetic programming downstream of DDR proteins (Ichijima
et al., 2011; Sin et al., 2012a), we further examined how
SCML2 deficiency and abnormal accumulation of H2AK119ub
affected the distribution of other modifications on meiotic sex
chromosomes. In the Scml2-KO, mono-methylation of H3K9
was highly upregulated when compared with the wild-type (Fig-
ures 7H and S7), although di- or tri-methylation of H3K9 was not
changed in the Scml2-KO (data not shown). Histone variant
MacroH2A1 locally accumulates on unsynapsed axes in the
early pachytene stage, and on the pericentric heterochromatin
of the X and Y chromosomes and pseudo-autosomal region in
the mid to late pachytene stages of wild-type (Hoyer-Fender
et al., 2000). In the Scml2-KO, MacroH2A1 highly accumulated
evenly on the entire region of the meiotic sex chromosomes
throughout early to late pachytene stages in the Scml2-KO (Fig-
ures 7I and S7). Furthermore, localization of XMR, a classical
marker of meiotic sex chromosomes (Escalier and Garchon,
2000) was SCML2 dependent (Figure 7J). Altogether, SCML2
regulates epigenetic programming of the sex chromosomes for
both gene silencing in PS and gene activation in RS. Thus,
SCML2 regulates activity of the sex chromosomes for male
reproduction.
DISCUSSION
The germline is the only lineage that ensures the perpetuation of
genetic and epigenetic information across generations. Themale
germline undergoes a unique differentiation program, including
meiosis and post-meiotic maturation, which culminates in pack-
aging of the heritable genome into sperm. Subsequent to highlyopmental Cell 32, 574–588, March 9, 2015 ª2015 Elsevier Inc. 583
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Figure 7. SCML2 Is Required for Epigenetic Programming of Meiotic Sex Chromosomes
(A) Immunostaining of RNA polymerase II and MDC1 using germ cell slides that maintain chromatin morphology. The sex chromosomes are circled with a white
dashed line. The scale bars represent 10 mm.
(B) Heatmap showing the expression on the X chromosome based on RNA-seq. Five hundred twenty-four X-linked genes that showed more than 3 RPKM in at
least one stage of THY1+ fraction, PS, or RS are shown.
(C) The number of differentially expressed genes encoded on the X chromosome, based on RNA-seq in Scml2-KO THY1+ fraction, PS, and RS.
(D–F and H–J) Immunostaining using meiotic chromosome spreads of PSwith the antibodies shown in each panel. The sex chromosomes are circled with a white
dashed line. The scale bars represent 10 mm. The percentage of PSwith the described feature is shown on the right in (D) and (F). Arrowheads in (E) indicateMLH1
foci. The number of MLH1 foci per cell is shown on the right in (E).
(G) Co-immunoprecipitation of SCML2 using 4-week-old wild-type testes. USP7 was detected by western blotting.
(K) Model of epigenetic regulation on the meiotic sex chromosomes. SCML2 works downstream of the gH2AX-MDC1 signaling and suppresses H2AK119ub. On
the other hand, RNF8 works downstream of the gH2AX-MDC1 signaling and establishes ubiquitination and active epigenetic modifications (Sin et al., 2012a).
(L) Model of two distinct antithetical functions of SCML2 in the establishment of the male germline epigenome. First, SCML2 regulates establishment of
H2AK119ub prior to spermatogenic differentiation, and H2AK119ub persists into later stages to suppress the somatic/progenitor program during differentiation
of spermatogenic cells. Second, SCML2 suppresses chromosome-wide accumulation of H2AK119ub on the sex chromosomes during meiosis, which is spe-
cifically required for proper epigenetic programming of the meiotic sex chromosomes.
See also Figures S6 and S7.
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specialized epigenetic programming in the male germline, re-
programming in the next generation is required for reacquisition
of totipotency. In this study, we have identified unique features of
the transcriptome of the late stages of the male germline and
have discoveredmechanisms bywhich themale germline epige-
nome is distinguished from that of the soma and spermatogen-
esis-progenitor cells.
We demonstrate two distinct antithetical functions of SCML2
in the establishment of the male germline epigenome (Figure 7L).
To suppress the somatic/progenitor program during late sper-
matogenesis, SCML2 regulates establishment of H2AK119ub
prior to spermatogenic differentiation, and H2AK119ub persists
into later stages. This repression may, in turn, indirectly ensure
activation of spermatogenesis-specific genes, which is essential
for the production of mature spermatozoa. Therefore, our results
suggest that epigenetic programming largely predetermines
transcriptomes during the late stages of the male germline.
However, the modest SCML2-dependent establishment of
H2AK119ub suggests that not all SCML2-regulated genes are
the direct targets of SCML2 and that there can also be indirect
regulation of gene repression by SCML2. Furthermore, it is un-
clear what directly accounts for the apoptosis and, thereby,
what specific function of SCML2 is responsible for maintenance
or differentiation of undifferentiated spermatogonia. The direct
causal relationship of SCML2 function needs to be investigated
in future studies.
Additionally, SCML2 prevents chromosome-wide accumula-
tion of H2AK119ub on the sex chromosomes during meiosis,
which is specifically required for proper epigenetic programming
of the meiotic sex chromosomes for male reproduction.
Together with suppression of the somatic/progenitor program,
these two functions of SCML2 are likely to be independently
regulated. The establishment of H2AK119ub occurs prior to
spermatogenic differentiation, while suppression of H2AK119ub
on the sex chromosomes occurs during meiosis in a gH2AX-
MDC1-dependent manner. These results suggest that Scml2
positively regulates H2AK119ub on autosomes and negatively
regulates H2AK119ub on meiotic sex chromosomes. Taken
together, SCML2 establishes the male germline-specific epige-
nome through the regulation of H2AK119ub and defines a unique
transcriptome in late spermatogenesis, which is essential to ac-
quire fertility as male gametes.
The two distinct functions of SCML2 we describe could be
mediated through independent complexes (Figure 7L). In GS
cells, there are many RNF2 islands independent of SCML2 (Fig-
ure 4). Therefore, not all PRC1 complexes contain SCML2, and a
subset of PRC1s containing SCML2 may have a critical function
in the establishment of the unique epigenome of the male germ-
line. On the other hand, SCML2 may not necessarily be in the
PRC1 complex on meiotic sex chromosomes. This is based on
two observations: (1) in our mass spectrometry analysis, which
was performed using gH2AX-containing nucleosomes, we did
not detect other PcG proteins, and (2) SCML2 and USP7 are
the only Polycomb-related factors that highly accumulate on
the sex chromosomes in the wild-type, and although RNF2
exists evenly in the nucleus of PS, RNF2 does not specifically
accumulate on the meiotic sex chromosomes (Figure S6).
Furthermore, we identified an epigenetic pathway by which
SCML2 regulates the meiotic sex chromosomes. Our previousDevelstudy demonstrated that RNF8 mediates ubiquitination of the
meiotic sex chromosomes, subsequently establishes active
epigenetic modifications, and activates a group of X-linked
genes that escape from sex chromosome inactivation in RS
(Sin et al., 2012a). In the present study, we show that RNF8 tar-
gets are likely to be non-histone ubiquitinated proteins that are
distinct from H2AK119ub. On the basis of the distinct regulation
of H2AK119ub and RNF8 targets, our results suggest that the
SCML2 andRNF8 pathways have distinct functions downstream
of gH2AX-MDC1 signaling in regulating meiotic sex chromo-
somes (Figure 7K).
In mammals, SCML2 is an MBT domain-containing protein
that is essential in the male germline. Our results suggest that
germline-specific expression of SCML2 is related to its function
in establishing germline-specific features. Although a previous
study suggested that mammalian Scm homologs have redun-
dant functions and compensate for the loss of Scmh1 (Takada
et al., 2007), in this study we found that the phenotype of the
Scml2-KO is distinct from that of the Scmh1-KO and that the
function of SCML2 is not redundant with that of SCMH1. Thus,
SCML2 has a unique function in the germline that cannot be
compensated by other MBT domain-containing proteins. A
recent study suggested that human SCML2 is expressed ubiqui-
tously in somatic tissues (Bonasio et al., 2014), so it would be
intriguing to examine the difference between human SCML2
and mouse SCML2.
Previous studies revealed functions of PRC1 in the female
germline. PRC1 coordinates the timing of entry into meiosis dur-
ing female embryonic development (Yokobayashi et al., 2013)
and establishes developmental competence for the following
generation by defining gene expression patterns during oogen-
esis (Posfai et al., 2012). Although we found that SCML2 was
also expressed in female embryonic germ cells (Figure S1), we
were not able to examine the role of SCML2 in the female germ-
line, because the Scml2-KO is not available due to its X linkage
(male Scml2-KO [Y/-] mice are infertile). Conditional deletion of
Scml2 is needed to clarify the function of SCML2 in the female
germline.
Our study reveals a PcG-based mechanism that defines the
specific epigenome of the germline. In contrast, fly L(3)mbt,
which also contains the MBT domain, is implicated in suppres-
sion of germline genes in somatic cells in the fly (Janic et al.,
2010). Additionally, one of the Drosophila PcG components,
enhancer of zeste, which mediates H3K27me3, suppresses the
somatic program in male germ cells in a non-cell autonomous
manner (Eun et al., 2014). Although the function of SCML2 is
likely to be cell autonomous in mice, a PcG-based mechanism
could be an evolutionarily conserved determinant between
soma and germline programs.
The identification of SCML2 as the critical determinant of the
germline epigenome also has important implications for the ge-
nomics and evolution of the male germline. Remarkably, the
testis transcriptome and its evolutionary traits are highly
diverged from those of other organs (Brawand et al., 2011). In
particular, meiotic spermatocyte and post-meiotic spermatid
transcriptomes have diverged from those in soma to enable
unique gene expression programs. This may explain the higher
transcriptome complexity of the testis as a whole (Soumillon
et al., 2013). Because germline transcriptomes are suggestedopmental Cell 32, 574–588, March 9, 2015 ª2015 Elsevier Inc. 585
to mirror the evolutionary history of germline genes, both on au-
tosomes and on sex chromosomes, in mammals (Brawand et al.,
2011; Sin et al., 2012b; Zhang et al., 2010), it is tempting to spec-
ulate that the two distinct SCML2-based mechanisms we
describe, one on the autosomes and one on the sex chromo-
somes, are an evolutionarily conserved driving force of the
complexity of the germline program. Altogether, our study here
reveals mechanisms by which the germline-specific epigenome
is established during spermatogenesis and may thus contribute
to understanding the etiology of male infertility.
EXPERIMENTAL PROCEDURES
Animals
Dppa3-EGFP, Mdc1-KO, and Rnf8-KO mice were previously reported (Lou
et al., 2006; Minter-Dykhouse et al., 2008; Payer et al., 2006). Scml2-KO
mice were produced by using ZFN technology (Sigma Aldrich) (Cui et al.,
2011). All animals were maintained in accordance with CCHMC’s guidelines.
Protein Identification by Mass Spectrometry
Protein bands or gel regions from control immunoglobulin G- and gH2AX-spe-
cific antibody capture were identified by tandem mass spectrometry as
described previously (Ridsdale et al., 2011).
Antibodies
The antibody list used in this study is available in Supplemental Experimental
Procedures. Briefly, RNF2-dependent ubiquitinated H2A (H2AK119ub) is de-
tected by a rabbit monoclonal antibody against histone H2A ubiquitinated at
Lys 119 (D27C4: Cell Signaling #8240). Rnf8-dependent ubiquitination is de-
tected by a mouse monoclonal antibody against histone H2A ubiquitinated
at Lys119 (clone E6C5: Millipore #05-678).
Histological Analysis and Germ Cell Slide Preparation
For histological analysis, immunohistochemistry, and TUNEL staining, testes
without tunica albuginea were fixed with 4% paraformaldehyde overnight.
Testes were dehydrated and embedded in paraffin. Chromosome spreads
were prepared using hypotonic treatment as described (Peters et al., 1997).
In order to preserve the morphology of chromatin and the relative 3D nuclear
structure in mouse testes, slides were prepared as described (Namekawa,
2014; Namekawa and Lee, 2011; Namekawa et al., 2006).
Germ Cell Fractionation
PS and RS were isolated with BSA gravity sedimentation as described previ-
ously (Bellve´, 1993). Purity was confirmed by nuclear staining with DAPI using
fluorescencemicroscopy.More than 90%of purity was confirmed for each pu-
rification. Isolation of the THY1+ stem cell fraction was performed as
described previously (Hammoud et al., 2014).
ChIP-Seq, RNA-Seq, and Data Analysis
Both native ChIP-seq and crosslinking ChIP-seq were performed for
H2AK119ub, and crosslinking ChIP-seq was performed for SCML2, RNF2,
and BMI1. For both ChIP-seq and RNA-seq, the DNA libraries were prepared
with NEBNext ChIP-Seq Library Prep Master Mix Set for Illumina (NEB) and
Agencourt AMPure XP (Beckman Coulter) or ThruPLEX kit (Rubicon Geno-
mics). DNA libraries were adjusted to 5 nM in TE and sequenced with Illumina
HiSeq 2000. Data analysis for both ChIP-seq and RNA-seq were performed in
the Wardrobe Experiment Management System (https://code.google.com/p/
genome-tools/; Kartashov and Barski, 2014). Briefly, reads were aligned to
the mouse genome (mm10) with bowtie (version 1.0.0; Langmead et al.,
2009), assigned to the refseq genes (or isoforms) using the Wardrobe algo-
rithm, and displayed on a local mirror of UCSC Genome Browser as coverage.
For ChIP-seq analysis, islands of SCML2, RNF2, and BMI1 enrichment were
identified using MACS2 (version 2.0.10.20130712; Zhang et al., 2008). For
ChIP-seq analysis, differentially expressed genes were identified using the
following parameters: (1) R2-fold change; (2) DESeq (Anders and Huber,
2010), padj % 0.05; and (3) RPKM R 5 for higher expression genes. Subse-586 Developmental Cell 32, 574–588, March 9, 2015 ª2015 Elsevierquently, enriched gene ontology for differentially expressed genes between
wild-type and Scml2-KO mice was characterized using the Database for
Annotation, Visualization and Integrated Discovery version 6.7 (Huang et al.,
2009).
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